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I. ABSTRACT

The experimental evaluation of face gears has been ongoing at NASA

Lewis since 1991. Testing to date has focused on the feasibility of using

this gear mesh to transfer power between intersecting shafts as found in

helicopter main rotor transmissions. The focus of the experiments has

been to determine the failure modes and load capacity of this gear mesh

operated in a simulated helicopter transmission environment. At this time

tests have been completed on a total of ten sets of face gears using a test

facility located at NASA Lewis. Surface pitting was the predominant

failure mode generated, however bending failures were also experienced.

All tooth fractures due to pitting or bending occurred on the gear mem-

ber. The spur gear pinion typically only had minor wear. Results from

these tests indicated that the components would have to use aerospace

gear materials and advanced manufacturing procedures to achieve the

desired long component life.

II. INTRODUCTION

The transfer of power between intersecting axes can be accomplished

in many ways (Dudley, 1984; Drago, 1988). In aerospace applications

this function is normally accomplished using spiral bevel gears. The use

of gears, in this very demanding high speed and load environment,

requires that the surfaces be manufactured to the highest quality. There-

fore the manufacture of gears used in this manner has also reached a

high degree of sophistication due in part by the demands of the aero-

space gear community. Currently full computer numerical controlled

(CNC) machine tools and coordinate measurement machines (CMM)

are used to manufacture and assess the finished surfaces in the produc-

tion of spiral bevel gears.

The manufacture of the face gear, however, has not evolved to the

current level of spiral bevel gears. Therefore less than optimal gear

materials and processing of the component has been used. The current

manufacture of this type of gear is achieved on a shaper-cutter, that has

been used in some form for this type of gear for many decades. At the

current time there is no dedicated machine tool available or CNC

machine that has had the proper software developed that can provide the

same level of manufacture as that of spiral bevel gears.

Face gears can be configured in arrangements similar to that of

spiral bevel or hypoid gears. Face gears can have shaft intersecting angles

that differ from 90 ° and can have shaft centeriine offset. The input gear

can be a spur or helical gear, thereby offering the opportunity of many

arrangements between the pinion and gear.

The use of face gears in advanced helicopter transmissions was pro-

posed during the U.S. Army Advanced Rotorcraft Transmission Program

(Bossier and Heath, 1990; Bill, 1990; and Heath, 1993) and by other

researchers from Europe (Hermens and Verschuren, 1989). The arrange-

ment developed under the U.S. Army project is shown in Fig. 1. The use

of face gears, as shown in Fig. 1, has the input spur gear pinion driving

two face gears. This arrangement would lower the tooth load of the input

gear by approximately one-half, assuming that the load was equally split

between the two output gears. This design had a very drastic effect on

reducing the drive system weight of the proposed transmission. This

advantage is of the highest importance in aerospace drive systems.

An initial experimental evaluation of this concept, using four sets

of face gears was performed (Handschuh, et al., 1994). Face gears were

tested at NASA Lewis. The purpose of these tests was to demonstrate

that face gears could be used at high rotational speeds and carry high

loads, similar to what would be expected if used in a helicopter main

rotor drive system. The tests showed that this concept was feasible for

aerospace applications. The predominate problem was surface pitting of

the face gear member that then, in one of the two tests, led to a tooth

fracture.

The objective of the work to be discussed in this paper is to

extend what was presented in the earlier experimental evaluation. The

effort to be described in this report was to look at possible manufactur-

ing alternatives to grinding of the components. A total of six more sets of

face gears were tested at the same high speeds and loads. These six sets

of gears were manufactured in three different configurations. Two sets

were manufactured as those in the prior tests. Two sets were manufac-

tured with a slightly different geometry on the gear member. The final
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Figure 1 .mHelicopter transmission with face gear drives.

two sets were manufactured with the original geometry but with a differ-

ent heat treatment. All test specimens were tested in a similar manner

whereby the test was conducted until tooth fracture occurred. Test hard-

ware that had failed was replaced by new hardware and the testing

continued. This paper contains a summary of all of the results of tests

conducted at this time.

III. FACE GEAR GEOMETRY

Face gear terminology is depicted in Fig. 2. A spur gear pinion

meshes with the face gear in the arrangement tested herein. The face

gear has a radially varying geometry, where the limits are undercutting

at the inner radius and tooth pointing at the outer radius (Dudley, 1984).

Axial location of the spur pinion is not critical, as in spiral bevel gears,

and the pinions are typically made with a wider face width for bending

strength improvement. Axial location of the gear is used to achieve the

required backlash.

Research on this type of gear mesh, in comparison to other types,

has been rather limited. Bloomfied (1947), Francis and Silvagi (1967),

Chakraborty and Bhadoria (1971, 1973, and 1975) provide the basics in

the design of face gears as described in this report as well as those that

are designed for offset geometry. Not until the recent interest sparked by

the use of this component in aerospace gearing has further investigation

of this component been reported in the open literature. Recent research

has focused on gear geometry (Litvin et al., 1992; and Litvin, 1994),

design to refine our understanding of the components that are manufac-

tured, and possible application of this type of gear mesh to other aero-

space transmission systems (Litvin et al., 1994a; Litvin et al, 1994b;

Chen and Bossier, 1995; and Basstein, and Sijistra, 1993). Efforts in

these areas are a necessary part of the research effort that must be done

to implement this type of gear mesh into the aerospace gear industry.

IV. TEST APPARATUS AND TEST HARDWARE

The test facility used to conduct the tests described in this report is

the spiral bevel test rig described in Handschuh et al. (1994). The

facility operates in a closed-loop arrangement where the drive motor only

needs to provide the power to overcome the system losses. An overall
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Figure 2._Face gear terminology.

sketch of the facility is shown in Fig. 3(a) and the facility in the face gear

arrangement is shown in Fig. 3(b). Rotational motion is provided through

V-belts connecting one of the helical gear shafts to the drive motor. The

helical gears complete the closed loop. A thrust piston that moves one of

the helical gears axially is used to change the loop load during operation.

A torquemeter measured the loop torque.

Two sets of face gears are tested simultaneously. The left side (test

section) in Fig. 3(b), operates in the speed reducer mode as would be

used in a helicopter main rotor transmission application. The right side

(slave section) operates in a speed increaser mode, where the gear drives

the pinion. The two pinions are connected via a cross-shaft. A detailed

explanation of the operation of the test stand can be found in Handschuh

(1992), Handschuh and Kicher (1995); and Handschuh (1995).

The face gears were designed to one-half size (one-eighth power)

of the configuration reported in Heath and Bossier (1993) and to fit within

the facility constraints. The face gear design parameters are shown in

Table I and a photograph of the test hardware is shown in Fig. 4. The

calculated values for bending and contact stress index were found by

analyzing the gear mesh as a set of spur gears.

The pinions were manufactured using high-quality aerospace prac-

tices where the pinion surfaces were nitrided and ground. As already

mentioned the face gear members had differences among the ten sets

tested. The baseline gears were manufactured with a 29 tooth shaper-

cutter. More teeth on the shaper than the actual pinion generates a gear

surface with a slight amount of crowning. The baseline face gears were

also through-hardened. The second type of face gears tested was the same

as the baseline (same geometry) except the gears were nitrided. The final

type of face gears were generated with a 28 tooth shaper-cutter and

through-hardened. All face gears were made from a maraging steel that

has a high tolerance to heat Ireat distortion as there was no further finish-

ing (i.e., grinding) after heat treatment.
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Table l.--Face Gear Desi

AGMA quality

Number of teeth pinion, gear

Diametral pitch

Pressure angle, deg

Shaft angle, deg

Face width, mm (in.), of--
Pinion

Gear

RMS surface finish, _tm (_t-in.)

AGMA pinion bending stress index, MPa (ksi)

AGMA pinion contact stress index, MPa (ksi)
Gear material

aper AMS 6514.

n Data

12

28,107

16

25.0

90.0

37.6 (1.285)

15.5 (0.62)

0.51 (20)
248 (36)

1.034 (150)

Maraging 300 steel a

As mentioned earlier the axial positioning of the pinion with

respect to the gear is not critical as it is in a spiral bevel gear mesh. The

pinion was positioned to facilitate proper connection to the rest of the

test facility. The gear member was adjusted axially via shims to provide

the backlash of 0.05 to 0.10 mm (0.002 to 0.004 in.). The contact pattern

at light load was also checked in a manner as used for spiral bevel gears.

A photograph of the contact pattern is shown in Fig. 5.

More details of the basic design strategy used for this particular

gear mesh can be found in Handschuh et al. (1994).

V. EXPERIMENTAL PROCEDURE

In the earlier test performed in this facility (Handschuh, Lewicki,

and Bossier, 1994), part of the procedure involved slowly increasing speed

and torque until full conditions were achieved. This was done in a delib-

erate fashion due to the unknown operational characteristics of this gear

mesh at high speed and load. For all tests, in this study, the break-in of

the test gears occurred at low speed and torque for at least 0.21 million

pinion cycles or 0.05.6 million gear cycles. The break-in portion of the

tests occurred for at least two levels of speed (approximately 1000 and

1760 rpm; gear speed) and at two levels of torque (approximately

65.5 N*m (580 in.*lb) and 128.2 N*m (1135 in.*lb); gear torque).



Toothcontactiiiiiiiii!
............

<iiiiii<....

iiii!_!:i _ i_i i_i _i..... " ,_i i__...... iii_......

Figure 5.--Photograph showing contact pattern using

red lead.

After the break-in the test hardware was then operated at 100 per-

cent speed and load conditions for at least 30 million pinion cycles. If the

test hardware achieved the 30 million pinion cycles at 100 percent load

and speed, then the load was increased _d testing was continued until

tooth fracture in some occu_ed. Some face gear tests were sus-

pended after the predete_ined level of cycles at load had been reached,

The m_imum torque applied d_ng any test was 200 percent of the

design level. All other system p_ameters wereheld constant as shown in

Table II.

Vl. RESULTS AND DISCUSSION

The results found from all ten face gear tests will now be discussed.

The data will be presented in a tabular fo_ to show how _e various: test

hardware was installed, tested, and what the fracture mode was for that

pmicular test. Then photographs of some of the test hardware will also

be presented to show the types of failure/fracture modes that occurred.

The entire testing program conducted to date and the specimen used

in those tests are shown in Table HI, Tests are shown in the order that

they were conducted, In tests 1 to 3and 5, new sets of pinions and face

gears were installed in both sides of the facility at the start of the tests. In

tests 4 and 6, new face gears were ins_led in the test section at the start

of the tests. For test 4, the face gears from test 3 were used in the slave

section. For test 6, the face gears from test 5 were used in the slave

Table II.--Test Facility Operational
Parameters

Pinion shaft speed (100 percent) rpm 19,110
Pinion torque (100 percent), N-m (in.-lb) 67.8 (600)
Nominal lubricant flow rate cm/s (gpm)/mesh 51 (0.8)
Lubricant oil inlet temperatures, °C (°F) 74 (165)
Lubricant jet pressure, MPa (psi) 0.552 (80)

section. For test 7, the face gears from test 6 were used in the test section

and the face gear from test4 was used in the slave section. In test 8,

previously tested hardware from test 7 was used. Also listedin Table HI

is the component that failed.

In Table HI the number of cycles that a given gear set successfully

completed for a given test is shown. The data shows that only one set

failed to at least complete the I00 percent speed and load portion of the

test (slave section gear set "D", baseline). Of the specimens tested to

200 percent torque and 100 percent speed, three sets made it to 30 mil-

lion pinion cycles without tooth fracture. Others completed some or most

of the 30 million pinion cycles at 200 percent load (7.9 mi]lion gear

cycles) before a pitting or bending initiated fracture occurred, One of the

nitrided gear sets, set "H", was used in four of the tests and collected a

total of 168 million pinion cycles at 100 percent load and speed as well

as successfully completing the 200 percent load test. In this case the

pinion had more surface related damage than the gear.

Pitting that led to tooth fracture was the predominant failure mode

that was found during the tests conducted. However bending failures

occurred in one case without any pitting initiated fractures and in two

cases pitting and bending fractures occurred on the same component. A

summary of each face gear set, type of fracture, and the total cycles

operated are contained in Table IV.
Photographs of the different test hardware failure modes and post-

test condition will now be presented. In Fig. 6 gear set "E", a baseline

gear set, is shown in the post-test condition. Pitting damage is shown but

the two teeth that failed were bending initiated.

Figure 7 shows a typical pitting initiated tooth fracture (gear set

"G"). A large pit developed on one of the teeth to a size large enough to

cause the fracture of the tooth as shown in Fig. 7(b). This type of failure

was the predominant one found in the study conducted herein.

In Fig. 8 the pinion from gear set "A" after testing is shown. The

contact location on the pinion is evident from the slight polishing of the

surface, however no damage to the surface occurred. This type of pinion

condition was typical for all the tests conducted.

Figure 9 shows the pinion from gear set "H" after the completion of

all tests. As mentioned earlier in this section of the report, this particular

gear set accumulated the greatest amount of run time (168 million cycles

at 100 percent load, 30 million cycles at 200 percent load). The contact-

ing region between the pinion and gear are clearly indicated. Micropitting

has occurred at various regions over the surface with a large concentra-

tion occurring at the region that meshes at the inner diameter of the gear

member.

Figures 10 and 11 are photographs taken of a tooth from the failed

gear set "J" in a scanning electron microscope. Both figures were taken

of the tooth that failed in bending. Figure 10 shows a close,up of the

contacting region micropitting. This type of surface damage was found

in various stages on all gear members tested in this study. Figure 11 is a

photograph of the fracture surface.
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number

1

2

3

4

5

6

Table III.--Face Gear Testin!

Test section Slave section gear

gear set, type set, type

A, Baseline B, Baseline

C, Baseline D, Baseline

G, Nitrided H, Nitrided

E, Baseline H, Nitrided

I, Modified J, Modified

Geometry Geometry

F, Baseline J, Modified

Geometry

F, Baseline H, Nitrided

F, Baseline H, Nitrided

(7.9 million gear cycles = 30 million pinion cycles).

Program, Load

Gear cycles (million)

at percent load

100 200

7.9 8.0

8.2 3.1

4.3 --

8.3 8.0

8.3 5.5

3.8 --

4.2 --

27.3 --

and Test Result

Test result

No tooth fracture

One tooth fracture on slave gear due

to pitting

One tooth fracture on test gear due to

pitting

Two teeth fractured on test gear due

to bending

Three teeth fractured on test gear, two

pitting, one bending

Two teeth fractured on slave gear,

one pitting, one bending

One tooth fracture on test gear due to

pitting

One tooth fracture on test gear due to

pitting, different tooth than test 7

Table IV.--Testin 9 Results For Each Face Gear Set

Gear set number,

type, rig location

A. baseline, test side

B, baseline, slave side

C, baseline, test side

D, baseline, slave side

E, baseline, test side

F, baseline, test side

G, nitrided, test side

H, nitrided, slave side

I, mod. geom., test side

J, mod. geom. slave side

Gear cycles (million),

percent load

100 percent 200 percent

7.9 8.0

7.9 8.0

8.2 3.1

8.2 3.1

8.3 8.0

35.3 - -

4.3 --

44.1 8.0

8.3 55

12.1 55

Fracture mode

(number of teeth)

No fracture

No fracture

No fracture

Pitting, (1)

Bending, (2)

Pitting, (1) at 4.3 million cycles, and

pitting, (1) 35.3 million cycles

Pitting, (1)

No fracture

Pitting, (2), and bending (1)

Pitting, (1), and bending (1)
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Figure 7.---Pitting initiated failure that led to tooth fracture

from face gear set "G". (a) Failed tooth in place. (b) Failed
tooth removed.
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Figure 8.---Pinion from face gear set "A" after 30 million

cycles at 100% load and 30 million cycles at 200 % load.

during testing.

(set "J").

C-94-01325

Figure 9.---Pinion from face gear set "H" (nitrided) after 168

million cycles at 100% load and 30 million cycles at 200%
load.

Figure 11 .... Photograph of bending failed tooth fracture

surface. (set "J").



Theresultsfoundduringthistestprogramhavebeeninconsistent.
Twomodificationstothebaselinearrangement,nitridingandmodified
geometry,didnotleadtoanobviouslyimprovedarrangement.Nitriding
thegearmembertoimprovesurfacehardnessprovidedoneverydurable
gearsetandonesetthatfailedafteronlycompletinghalfof the
100percentloadtest.Themodifiedgeometrygearsetsproducedresults
thatweresimilartothebaselinehardware.Neithermodificationcould
pointtoaclearcutimprovement.

Allfacegearstestedexperiencedmicropittinginsomeform.Inthe
testsconductedhereinoperationwasnotstoppedduetomicropitting
eventhoughmanyresearchers/designerswouldconsiderthisasasur-
facefailure.Lettingthedamageprogress,leadtopittinginitiatedtooth
fracture.However,asthetestresultsindicate,threeofthetenfacegear
setsexperiencedbendingfailuresaswell.

Asthetabularandphotographicdataindicate,facegearsarea
viableoptionforhighspeedandloaddesignssuchasfoundinhelicop-
ters.Currentlythemanufacturingartofthiscomponentneedstobe
improvedtohavethegearmembermadetothelevelthatisfoundfor
aerospacespiralbevelgears.Improvedmanufacturing,heattreatment,
andmaterialsforuseinthistypeofgearcomponentwillpermitopera-
tionataerospaceconditionswithlonglife.

VII. CONCLUSIONS

A total of ten face gear sets, in three different configurations, were

tested in an aerospace gearbox environment. The operational capability

and failure mode of the face gear system was the intent of this study.

Based on the results attained the following conclusions can be reached:

1. Face gears have demonstrated the capability to operate success-

fully at high speed and load in an aerospace environment where spiral

bevel gears are currently used exclusively.

2. All face gear specimens successfully completed, with varying

degrees of surface distress, the 100 percent load and speed tests with the

exception of one set that failed at a point only half way through the

100 percent load test.

3. Four of the ten total gear sets successfully completed the overload

test to 200 percent of the full load and reached 30 million pinion cycles.

4. One gear set that was niwided was used in multiple tests and had

accumulated over 168 million pinion cycles at 100 percent load and over

30 million pinion cycles at 200 percent load. In this gear set the pinion

member had the greater surface damage at the end of the tests.

5. This study has further confirmed that a machine system to grind

face gears will be required to have successful application in aerospace

systems.
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